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WHAT THIS PAPER ADDS
 Intra-operative imaging technique of bypass grafts is required to prevent graft problems in revascularisation surgery for coronary
arterial disease and peripheral arterial disease. Bowel ischaemia andmesenteric arterial embolism are critical complications during
surgery for abdominal aortic aneurysms. The pathogenic network of bowel blood ﬂow differs among individuals and thus direct
intra-operative assessment of bowel blood ﬂow is important. The new indocyanine green (ICG) imaging system, HyperEye Medical
System (HEMS), is able to provide colour visualisation of blood ﬂow in graft and intestinal marginal arteries, intra-operatively.a r t i c l e i n f o
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Objectives: Indocyanine green (ICG) angiography is used for the intra-operative assessment of the graft
vessel in coronary artery bypass grafting to enable immediate revision if necessary. We report the
feasibility and implications of an ICG colour imaging system, HyperEye Medical System (HEMS), in
surgeries for arteriosclerosis obliterans (ASO) and abdominal aortic aneurysm (AAA) which carry risk of
mesenteric ischaemia.
Methods: HEMS ICG angiography was used for the intra-operative assessment of 12 ASO patients and 10
AAA patients.
Results: In the ASO patients, HEMS angiography enabled visualisation of the graft and native artery. The
ﬂuorescent lucent region in the artery distal to the anastomosis was shown in 1 of 12 ASO patients. There
was a 3-s time lag in the increase of intensity between the proximal artery and distal stenotic region. In
AAA patients, HEMS angiography clearly showed the perfusion in the mesenteric arteries and intestinal
wall as opaque. One AAA patient had segmental ischaemia due to thromboembolism and another one
had diffuse ischaemia due to systemic malperfusion. The ischaemic region of the intestine was visualised
as a ﬂuorescent lucent area by HEMS angiography.
Conclusion: HEMS angiography can accurately assess peripheral arterial perfusion in surgical cases with
ASO and AAA.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.An increasing number of patients with critical limb ischaemia1
caused by arteriosclerosis obliterans (ASO) require advanced
revascularisation of the paramalleolar arteries: however, this
carries a risk of limb amputation if anastomosis is not successful. Ifmoto).
ciety for Vascular Surgery. Publishmalperfusion in the distal region can be accurately assessed intra-
operatively, revision of the anastomosis or placement of an addi-
tional graft can be performed.
Surgical repair of abdominal aortic aneurysms (AAAs) can also
be complicated by malperfusion in the peripheral arteries, causing
limb ischaemia or intestinal necrosis, which can result in a 40e48%
mortality rate.2,3 Despite efforts to preserve one or more arteries
such as the inferior mesenteric artery (IMA) and bilateral internaled by Elsevier Ltd. All rights reserved.
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ischaemia. When none of these arteries can be preserved, there is
a potential risk of bowel ischaemia. Whilst various assessments
such as blood pressure measurement in the IMA stump, transanal
Doppler ultrasound and near-infrared spectroscopy are employed
to detect mesenteric ischaemia, a thorough assessment of perfusion
in the marginal artery and intestinal wall is difﬁcult.2,4,5 Further-
more, bowel ischaemia can develop without any apparent
obstruction in the artery under sustained, as in ruptured AAA.6
Therefore, some measures for detecting bowel ischaemia are
required.
In coronary artery bypass grafting (CABG), indocyanine green
(ICG) angiography has been applied for the intra-operative assess-
ment of the graft.7e13 We have developed a new ICG imaging
modality called ‘HyperEye Medical System (HEMS)’ that provides
colour visualisation of the operative ﬁeld superimposed by ﬂuo-
rescence (Fig. 1) and have reported its applications in CABG.12,13
However, no studies reported the use of HEMS angiography for
intra-operative assessment of blood ﬂow in the peripheral arteries
in patients with AAAs or ASOs. HEMS has two advantages over the
conventional ICG imaging system.13 The ﬁrst advantage is that the
HEMS camera can capture ICG-enhanced structures against the
background of a natural ﬁeld with vivid colours synchronously;
therefore, surgeons can check the ﬂow dye pattern of the actual
visual ﬁeld. The other advantage is emancipation from recording
time due to the employment of light-emitting diodes (LEDs) as an
irrigation light source, although the irrigation time of laser light is
limited to 35 s. Here, we present our preliminary trial of HEMS
assessment in these categories of patients.Figure 1. HyperEye Medical System (HEMS) (A) HEMS is composed of an imaging head (a ca
head consists of multiple light-emitting diodes (LEDs) around an ultra-sensitive colour char
and positioned 30e50 cm above the surgical site.Methods
Subjects
Amongst the 40 patients who underwent revascularisation
surgery for ASO (from January 2009 toMay 2011), we examined the
blood ﬂow in the saphenous vein graft anastomosed to the para-
malleolar artery in 12 patients (ASO group) (Table 1): this group
comprised nine men and three women (mean age of 73.0  7.4
years). Preoperative assessment was performed using digital
subtraction angiography (DSA) or computed tomography angiog-
raphy (CTA). Following revascularisation, the graft ﬂow was
assessed by HEMS angiography and transit-time ﬂowmetry (TTF)
with MediStim BF 2004 (MediStim AS, Oslo, Norway) as conven-
tional evaluation procedure.
A total of 113 patients with AAA were treated surgically from
January 2007 to February 2011. Our standard strategy is partial
resection of the aneurysm and reconstruction with tube or bifur-
cated graft just under the renal arterial furcate and to preserve one
ormore arteries among the IMA and IIAs. The reconstruction of IMA
is not routinely performed. The IMA was reconstructed directly or
by using the Carrel patch procedure, in patients whose IIAs were
not preserved. The intestinal blood ﬂow was assessed by means of
IMA stump pressure, but not routinely. HEMS angiography was
employed not routinely but in 10 patients (AAA group) (Table 2).
The AAA group comprised four men and six women (mean age:
77.4  2.5 years).
This protocol was approved by the Ethics Committee of Kochi
University and carried out according to the Declaration of Helsinki,mera and light) and a mobile cart that contains an analyzing computer. (B) The imaging
ge-coupled device (CCD) camera. (C) The imaging head is covered with a sterile drape
Table 1
Arteriosclerosis Obliterans (ASO) group.




1 ASO M 80 Popliteal a. DPA SVG 32 patent 
2 ASO M 80 Popliteal a. DPA SVG 7 patent 
3 ASO F 74 Femoral a. PTA SVG 22 patent 
4 ASO M 72 Femoral a. PTA SVG 41 patent 
5 ASO F 73 Femoral a. PTA SVG 103 patent 
6 ASO M 66 Popliteal a. PTA SVG 39 patent 
7 ASO F 85 Femoral a. PTA SVG 7 stenosis þ
8 ASO M 69 Femoral a. PTA SVG 74 patent 
9 ASO M 57 Femoral a. PTA SVG 34 patent 
10 ASO M 74 Popliteal a. PTA SVG 84 patent 
11 ASO M 69 Femoral a. PTA SVG 127 patent 
12 ASO M 78 Femoral a. PA SVG 54 patent 
ASO, arteriosclerosis obliterans; M, male; F, female; TTF, Transit-Time Flowmetry;
MGF, mean graft ﬂow; HEMS, HyperEye Medical System; Popliteal a., Popliteal
artery; Femoral a., Femoral artery; DPA, dorsal pedis artery; PTA, posterior tibial
artery, PA, peroneal artery; SVG, saphenous vein graft.
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and/or family.
ICG
ICG is a hydrophilic tricarbocyanine dye that rapidly binds to
plasma proteins and is excreted by the liver in bile.14 After illumi-
nation by a near-infrared ray of 760e780 nmwavelength, ICG in the
blood generates a near-infrared ﬂuorescence of 800e850 nm
wavelength. Our preliminary study showed that the peak spectral
absorption of ICG diluted in human blood is 760e780 nm.12 Fluo-
rescence emissions from ICG can be captured to a depth of
1e2mm.10 Recently, several studies have presented a novel method
involving intra-operative ICG angiography and <5% iodide sodium
to sensitively detect the blood ﬂow in coronary arteries and bypass
grafts undergoing with CABG.7e13 Allergic reactions to ICG are dose
dependent: and the highest dose is >0.5 mg kg1 body weight. The
reported rate of allergic reaction is about 1 in 40 000.14 Further-
more, eye protection is not required because of the innocuousness
of LEDs.
HEMS angiography
HEMS (Mizuho Ikakogyo Co., Ltd, Tokyo, Japan) was used in all
cases (Fig. 1). It is composed of an imaging head (a camera and
light) and a mobile cart that contains an analyzing computer
(Fig. 1(A)). The camera contains optical ﬁlters and an ultra-sensitiveTable 2
Abdominal Aortic Aneurysm (AAA) group.
Case Gender Old Size Status Grafting Anastomo
Proximal
1 AAA F 60 52 elective Y-shape Below ren
2 AAA M 77 56 elective Y-shape Below ren
3 AAA M 72 42 elective Y-shape Below ren
4 AAA (rup) F 85 59 emergent Y-shape Below ren
5 AAA (rup) F 85 59 emergent Y-shape Below ren
6 AAA (rup) F 81 50 emergent Y-shape Below ren
7 AAA F 81 62 elective Tube graft Below ren
8 AAA F 80 52 elective Y-shape Below ren
9 AAA M 80 52 elective Y-shape Below ren
10 AAA M 72 35 elective Y-shape Below ren
AAA, Abdominal Aortic aneurysm; (rup), ruptured; M, male; F, female; Y-shape, Y-shape p
EIA, external iliac artery; FA, femoral artery; IMA, inferior mesenteric artery; IIA, intema
Operative status is shown elective or emergency. The anastomosed site is shown proxim
Reconstruction/occluded/sacriﬁce/patent of IMA or IIAs are shown.colour charge-coupled device (CCD) with non-Bayer colour ﬁlter
arrays (HyperEye Technology; United States Patent Application
20080251694) that can detect visible light and near-infrared rays
(380e1200 nm) without colour bias at 30 frames/s (Fig. 1(B)).12 The
CCD camera is surrounded by LEDs and is mounted on the imaging
head of HEMS. During the operation, the imaging head was covered
with a sterile drape and positioned 30 cm above the surgical site
(Fig. 1(C)). The focus, iris and range were remote-controlled, and
the camera was in a free position. The LED illumination area is
78.5 cm2 (5  5  3.14 cm) on the surgical ﬁeld.
The ICG solution (2.5 mg ml1 dissolved in distilled water) was
prepared for. ICG dye of 0.05 mg/kg body weight per image
sequence was injected via a central venous catheter and ﬂushed
through with 10 ml physiological saline. Real-time videos were
displayed on a monitor and recorded using a digital image-
processing system such as audio video interweave (AVI) or Smart
Draw (SDR) format.
The intensity changes were calculated using an original inten-
sity measurement software (Image intensity Acquisition Tool
version 2, Copyrighted by Shinji Ninomiya, Hiroshima International
University, Japan). For quantitative assessment, the pixel intensities
were calculated in the regions of interest (ROIs) on the grafts or
organs, according to Detter’s quantitative ﬂuorescent cardiac
imaging procedure.8 The size of the ROI was usually 10  10 pixels
this study. Each original intensity was corrected by background
subtraction before the ICG injection. The intensity and time were
calculated: the maximum intensity was set to 100%. The graft and
native artery distal to the anastomosis were evaluated in ASO
surgery. In AAA surgery, the intensities of the small intestine,
sigmoid colon and mesenteries were calculated.
Results
Blood ﬂow assessment with HEMS angiography was feasible in
patients requiring intra-operative assessment. There were no
apparent limb or mesenteric ischaemia-related complications in
the 28 ASO patients or 103 AAA patients in whom HEMS angiog-
raphy had not been used.
ASO group
In all the cases, haemodynamic parameters such as pulse rate
and blood pressure were within the normal range under general
anaesthesia during the recording time of HEMS angiography and
TTF assessment (data not shown). The graft ﬂow assessed using TTF
ranged from 7 to 127 ml min1 (52  10.9 ml min1): ﬂow patterns
were acceptable in all 12 cases (Table 1). HEMS angiographysed site Processing of arteries Intestinal
ischaemia
Distal IMA Rt. IIA Lt. IIA
al CIA/CIA occluded patent patent 
al EIA/CIA sacriﬁce reconstruct patent 
al FA/FA reconstruct occluded occluded 
al FA/FA occluded occluded patent þ
al FA/FA occluded occluded patent þ
al EIA/CIA sacriﬁce occluded patent 
al Aortic bifurcation sacriﬁce patent patent 
al FA/EIA occluded sacriﬁce patent þ
al EIA/EIA occluded occluded occluded 
al FA/FA occluded occluded occluded 
rosthesis; Below renal, Aorta just below the renal arteries; CIA, common iliac artery;
l iliac artery.
al and distal.
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clearly demonstrate adequate graft ﬂow and smooth entry into the
native artery distal to the anastomosis, except in one case.
In an 85-year-old woman (case 7; Table 1), HEMS angiography
revealed inadequate blood ﬂow in the posterior tibial artery (PTA)
distal to the anastomosis (Fig. 2(A)). The ﬂuorescence intensities of
the graft end and the region just distal to the ﬂuorescence lucent
region in the PTA were calculated and analysed, and a time-
eintensity curve was constructed (Fig. 2(B)). There was a 3-s lag
time lag in the peak intensity time of each point in this case as
compared to lag times<1 s in others (data not shown). Thegraftﬂow
measured using TTF in this particular patient was 7 ml min1
(Fig. 2(C)). Although the ﬂow rate in this patientwas lower than that
in other patients, the blood ﬂow was antegrade throughout the
cardiac cycle and did not exhibit a to-and-fro pattern and thus, it
could not be deﬁnitely deemed abnormal. Based on the HEMS
assessment, we decided to add another bypass with a saphenous
vein graft from the initial graft to thePTA thatwas distal to thepoorlyFigure 2. HEMS image and transit-time ﬂowmetry (TTF) data in a case of unsuccessful anast
anastomosed to the posterior tibial artery (PTA). Fluorescence is poorly detected in the PTA
(C) TTF data showing graft ﬂow following the initial bypass. (D) An improved ﬂow in HEMS
(c) and (d) disappeared. (F) TTF data showing doubled graft ﬂow after a revised bypass witopaciﬁed portion. Subsequent HEMS angiography showed smooth
blood ﬂow in the graft as well as the PTA distal to the plantar artery
(Fig. 2(D) and (E)). The TTF assessment showed that the graft ﬂow
doubled (15mlmin1; Fig. 2(F)). In this case, the stenotic region had
not been detected in distal PTA with preoperative DSA, suggesting
the existence of clamp injury of the distal PTA during surgery.
AAA group
HEMS angiography demonstrated sequential visualisation of
blood ﬂow in the mesenteric artery, marginal artery, intestines and
colon (Fig. 3). The entire portion of the mesentery and intestine was
opaciﬁed, although there was a slight delay in the sigmoid colon.
The intensity changes are shown in Fig. 3(E).
In these 10 cases, at least one IMA or IIA was reconstructed or
preserved in eight cases (Table 2). All cases were resected abdom-
inal aneurysm including IMA. In two cases, the IIA and IMA could
not be preserved because they were already occluded (cases 9 andomosis in the paramalleolar region. (A) HEMS image of the saphenous vein graft (SVG)
(b) in contrast to SVG (a). (B) A 3-s time lag in the peak intensity time was noted in (b).
angiography in an additional SVG(c) as well as in the PTA (d). (E) The time lag between
hout ﬂow pattern change.
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angiography, and no intestinal complications were encountered
postoperatively (data not shown). Cases 1e3 were introductory
cases for HEMS angiography. Cases 4e8 were exposed to transient
hypotension due to surgical haemorrhage.
An 85-year-old woman (case 4: similar case as case 5) under-
went emergency surgery for impending ruptured AAA. Following
proximal and distal anastomoses, the colour of the intestine
appeared worsening. HEMS angiography clearly showed poor
ﬂuorescence of the intestinal wall in this portion in contrast to good
opaciﬁcation in the remaining portion (Fig. 4(A) and (B)). This
ﬁnding strongly suggested thrombotic occlusion of the superior
mesenteric artery, although the infra-renal aorta was clamped.
Visualisation of the blood ﬂow by HEMS facilitated the identiﬁca-
tion of the site of occlusion in the mesenteric artery for throm-
bectomy, as well as the extent of ischaemic intestine in the surgical
ﬁeld for potential resection of the intestine. Although blood ﬂow
recovered following thrombectomy, postoperative bleeding
necessitated re-operation 2 days later (case 5).Figure 3. Sequential HEMS images demonstrating mesenteric perfusion in abdominal aneu
following: (a) mesentry; (b) jejunum, (c) mesosigmoid; and (d) sigmoid colon. (B) Fluoresc
slight delay in the sigmoid colon. (E) The entire portion of the mesentery and intestine waAn 80-year-old woman (case 8) was exposed to transient
hypotension because of intra-operative bleeding. She developed
metabolic acidosis of an unknown origin in the postoperative
period; because it was progressive, we decided to perform a revi-
sion laparotomy on the following day. On inspection, the intestine
appeared to be diffusely malperfused in a spotty fashion. HEMS
angiography revealed diffuse malperfusion in the intestine, which
contained opaciﬁed portions and multiple areas lacking ﬂuores-
cence (Fig. 4(C) and (D)). Non-obstructive mesenteric ischaemia
due to sustained hypotension was suspected. Although the
ischaemic intestine was resected, the patient died of sepsis in the
perioperative period.
Discussion
ICG angiography has been applied mainly for the ﬂow assess-
ment of coronary arteries7e13 and was evaluated for diagnostic
accuracy in a comparative study with TTF.15 For ASO patients, Unno
et al. reported a series of nine patients in which ICG angiographyrysm surgery. (A) Before injection of indocyanine green (ICG). The points represent the
ence in the mesenteric artery (arrow). (C), (D) Fluorescence in the intestinal wall with
s opaque but with a slight delay in the sigmoid colon.
Figure 4. HEMS angiograms showing malperfused intestine in abdominal aortic surgery (A) No ﬂuorescence in the ischaemic intestine due to thromboembolism in the superior
mesenteric arterial trunk. Point (a) and (b) show the healthy and ischaemic small intestine, respectively. (B) The ﬂuorescence density of the ischaemic intestine (b) does not rise. (C)
Spotty intestinal ischaemia caused by non-obstructive mesenteric ischaemia. (D) Blood ﬂow is maintained at point (c) is slightly diminished at point (d), and disappears at point (e).
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graft to the paramalleolar arteries.16 Our article is the ﬁrst report of
the application of HEMS angiography for revascularisation surgery
in ASO patients.
The adequacyof a bypass graft cannot bedetermined solely by the
graft ﬂow rate because it depends not only on the anastomosis but
also on the vascular bed in thedistal region. In case 7 (Table 1), clamp
injury appears to be responsible for stenosis in the PTA distal to the
anastomosis. Colour visualisation of the blood ﬂow using HEMS
provides morphological information on the anastomosis and blood
ﬂow in the graft and arteries. However, correlation between HEMS
angiography and TTFwas notweighted because of the small number
of subjects in this preliminary study. Detter et al. reported that the
intra-operative ICG angiography is not useful for evaluating the
anastomosis itself, because it cannot provide multidirectional eval-
uation likeX-rayangiography,8 and thebloodﬂow in thebypass graft
is affected by the haemodynamic parameters of patients. Although
assessment with ICG angiography is qualitative, we showed that
luminescence quantiﬁcation revealed a slight delay in the peak
intensity time in case of stenotic regions in the arteries. Therefore,
assessing the intensityof bypass grafts usingHEMSangiographymay
detect graft trouble, although statistical analysis could not be done in
this study, because thesedatawerepreliminary in small patients. It is
required to re-evaluate in more patients to analyse statistically.
Furthermore, the target of assessment is in the surgical ﬁeld and
can be readily visualised with HEMS angiography; however, poorpenetration of ﬂuorescence is a limitation of HEMS angiography.
HEMS angiography is helpful for dissecting the target artery by
visualising it by ﬂuorescence in the surgical ﬁeld. This feature is
advantageous for minimising the dissection of peripheral arteries
and thus preserving the collateral arteries.
Despite the increasing popularity of endovascular treatment of
AAA,17 open surgery is necessary in some cases because of the
unsuitability of endovascular surgery due to excessive angulation
of the aorta or ruptured AAA.6 Problems in the peripheral arteries,
including the mesenteric artery, are one of the concerns in the
surgical treatment of AAA. Various intra-operative assessments of
perfusion in the intestine have been introduced, including IMA
stump blood pressure, transanal Doppler ultrasound and near-
infrared spectroscopy.2,4,5 HEMS angiography appears to be suit-
able for assessing regional perfusion like X-ray angiography. In
addition, the necessity of restoring the IMA and IIAs may be judged
by evaluating peripheral intestinal blood ﬂow. This ﬁnding
assures the safe closure of laparotomy without signiﬁcant bowel
ischaemia.
HEMS assessment is advantageous because (1) the ﬂuorescence
distribution (perspective of perfusion) can be superimposed on the
surgical ﬁeld view with the colour of the intestines and (2) in
addition to blood ﬂow in the mesenteric arteries, blood perfusion
and distribution can be visualised. Point (1) is an advantage of
HEMS over conventional ICG angiography. In bowel ischaemia,
ﬂuorescence in the intestines facilitates the demarcation of the
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Neither ﬂuoroscopic angiography nor TTF assessment is useful for
this purpose. In addition, HEMS may be beneﬁcial for detecting
localised ischaemia that can lead to penetration. Such lesions
would be visualised as ﬂuorescence-deﬁcient areas. Comparing
blood ﬂow before and after grafting for AAA may indicate the
necessity of reconstructing the IMA or IIAs, although this study did
not assess that.
The current study has suggested several limitations of HEMS
angiography. First, HEMS assessment is not quantitative. To further
use HEMS assessment for decision making, it is mandatory to
establish criteria with cutoffs determined by quantitative analysis.
Second, runoff perfusion in the distal portion of the artery can affect
HEMS assessment of blood ﬂow. As a potential solution for this
problem, we attempted the combined assessment of HEMS angi-
ography and TTF in CABG cases by means of Fourier transformation
analysis;18 thismay also be applicable to surgeries for ASO and AAA.
This review shows our preliminary study of blood ﬂow assess-
ment using HEMS angiography during vascular surgery. Limited
data exist; the statistical analysis could not be performed in this
study. It is required to accumulate the data and re-evaluate blood
ﬂow in more patients. In addition, further studies and investiga-
tions are anticipated to examine the relationship between blood
ﬂow and haemodynamic ﬁndings.Conclusion
HEMS angiography allows the visualisation of blood ﬂow in
direct colour view of the surgical ﬁeld in surgeries for ASO and AAA,
thus allowing the assessment of the bypass graft as well as
mesenteric perfusion.Acknowledgements
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